PACS. 47.27−i -Turbulent flows, convection, and heat transfer. PACS. 47.27Te -Convection and heat transfer. PACS. 44.25+f -Natural convection.
The true mechanism which dictates heat transport in a Rayleigh-Bénard (RB) convection cell in the so-called hard-turbulence regime [1] [2] [3] still poses a challenge to both theory and experiment. Moreover, the apparent "2/7" scaling of the heat flux with the Rayleigh number (Ra) seems to be very robust whether in the traditional RB geometry or under modified boundary conditions [4] [5] [6] . The existence of a coherent mean flow which spans the height of the cell is a prominent feature of the hard-turbulence regime and is regarded as playing an important role in determining the scaling of the dimensionless heat flux, the Nusselt number Nu, with Ra [7, 8] . Visualization and computer simulation studies have shown that this so-called large-scale circulation (LSC) carries thermal plumes between the top and bottom boundary layers, thus serving as a "communication channel" between the two boundary layers [9, 10] . This connection of the two boundary layers by the LSC (whereby the size of the cell enters the problem) is also thought to be responsible for the "2/7" scaling [11, 12] .
One way to investigate the role played by the LSC in turbulent convection is to perturb or suppress it by modifying the boundary conditions of the convection cell, and then study the effect of the boundary modifications [4, 5] . To this end, we have recently made measurements in a cell with staggered layers of fingers on its sidewall [6] . We found that both the magnitude and the scaling with Ra of the dimensionless heat flux (Nu) were essentially unchanged in this cell and the probability density function (PDF) of the temperature fluctuations at the cell center was changed from exponential into a superposition of two Gaussians. Furthermore, the large-scale circulation was not destroyed but instead transformed into a twisted four-roll circulation so that it still managed to span the full height of the cell. To further pinpoint the role played by the LSC in heat transport and in the robustness of the apparent "2/7" scaling of Nu, we have done an experiment in water in a cylindrical convection cell with a baffle placed approximately at its mid-height, which is reported here. As we mentioned above, the coupling of the top and bottom boundary layers is believed to be largely mediated by the LSC, so the baffle was designed with the aim to prevent the LSC from spanning the full height of the cell, therefore cutting an important route of communication between two boundary layers. As shown in fig. 1 , the baffle is made of three Plexiglas disks of thickness 3 mm with uniformly distributed holes of 1 cm in diameter. The disks are staggered to each other to prevent fluid from flowing through directly, the total thickness of the assembly is 2 cm. Because the central region of the convection cell is largely isothermal and heat there is mainly transported by advection, we do not expect to see any significant difference in heat transport by using a thermally isolating baffle over a conducting one.
The convection cell itself is a vertical cylinder with its inner diameter and height being 19 cm and 19.6 cm, respectively. The upper and lower plates were made of copper and their surfaces were plated with gold. The sidewall of the cell was a cylindrical tube made of transparent Plexiglas. The temperature of the upper plate was regulated by passing cold water through a cooling chamber fitted on the top of the plate, and the lower plate was heated uniformly at a constant rate with an imbedded film heater. The temperature difference ∆T between the two plates was measured by four thermistors imbedded inside the plates. The two thermistors at the top plate were at about one third radius from the edge at opposite positions, and the two at the bottom plate were placed at the center and the half-radius position, respectively. It was found that the measured relative temperature difference between the two thermistors in the same plate were less than 1% for both plates at all Ra. This indicates that the temperature was uniform across the horizontal plates. The control parameter in the experiment is the Rayleigh number Ra = αgL 3 ∆T /νκ, with g being the gravitational acceleration, L the height of the cell, and α, ν, and κ being, respectively, the thermal-expansion coefficient, the kinematic viscosity, and the thermal diffusivity of water, which was the convecting fluid. During our experiment, the average temperature of water in the convection cell was kept near room temperature and only the temperature difference across the cell was changed. In this way, the variation of the Prandtl number P r = ν/κ was kept at minimum (P r 7). Figure 2 shows Nu vs. Ra measured in the baffle cell (circles) and the normal cell (diamonds), respectively. It is seen here that in addition to an overall reduction in magnitude (∼ 9% compared to that in the normal cell), there is an apparent transition for Nu in the baffle cell around Ra ∼ 10 9 . For the limited range, power-law fits would give: Nu = 0.04 Ra
0.35±0.03
(solid line) and Nu = 0.21Ra 0.27±0.02 (dashed line) for Ra below and above 1 × 10 9 , respectively. Thus data for Ra > 1 × 10 9 are consistent with the "2/7" scaling, while those for Ra < 1 × 10 9 are consistent with the "1/3" scaling. The fitting for normal cell data is Nu = 0.19Ra 0.28 . A transition around the above Ra is also observed in the measured PDFs of temperature fluctuations. The local temperature was measured using a thermistor about 300 µm in size with a time constant of 10 ms [13] . The thermistor served as one arm of an AC Wheatstone bridge which was driven by a sinusoidal source of 1 kHz. The output of the bridge was first fed to a lock-in amplifier and then digitized by a dynamic signal analyzer (HP 35670A). For each measurement, a 5 h time series was recorded first and from it the histogram and the power spectrum were computed by the signal analyzer. It was found that all histograms, or probability density function (PDF), measured in the normal cell for Ra from 2 × 10 8 to 2 × 10 10 have exponential functional form, and the scaled histograms are invariant. For the baffle cell, PDFs were measured at positions both in the center of the baffle and in the center of the upper half of the cell. We found that in both places PDFs have a Gaussian form for Ra < 1 × 10 9 and have exponential or skewed exponential form for Ra > 1 × 10 9 . Figure 3 (a) shows a typical Gaussian-like PDF measured inside the baffle at Ra = 8.19 × 10 8 , the solid line represents a fit to a Gaussian function with mean temperature T = 21.4
• C and standard deviation σ = 0.015
• C. In fig. 3(b) we show a skewed exponential PDF, also taken inside the baffle, at Ra = 1.10 × 10 10 . The "left branch" of this PDF is fitted with an exponential function with T = 34.2
• C and σ = 0.27 • C which is shown as the solid line. shows two PDFs measured in the center of the "upper cell" for Ra below and above 1 × 10 9 , respectively. Figure 4 (a) is a PDF taken at Ra = 5.89×10
8 , it is fitted with a Gaussian function with T = 19.4
• C and σ = 0.018 • C (solid line). Figure 4 (b) shows a PDF measured at Ra = 2.64 × 10 9 with T = 19.03
• C and σ = 0.266 • C, which has an exponential form as indicated by the solid lines. Note from fig. 4 (a) that deviations from a pure Gaussian show clearly in the tails of the PDF. Because the functional form of the temperature PDF is intimately related to plumes [4, 6] , the observed deviation can thus be attributed to the fact that there are less plumes in the center of the "upper cell" due to the mean flow ( fig. 1 ) than there are inside the baffle. Together with the measured Nu, one sees that those features associated with the so-called "soft turbulence" are observed in the baffle cell for Ra < 1 × 10 9 , and those associated with the "hard turbulence" regime are found here for Ra > 1 × 10 9 .
One way to rationalize this apparent transition is to consider our cell as made up of two sub-cells coupled by the baffle. By placing a thermistor at various positions in the upper half of the cell along the central axis, we found the mean local temperature in the bulk region of the cell (including the baffle) is quite uniform and is equal to the average value of those of the top and bottom plates. In this case, the upper and lower sub-cells may each be regarded as taking up one-half of the total temperature drop ∆T across the whole cell. Subtracting the thickness of the baffle assembly (2 cm), each sub-cell would have a height of 8.8 cm. The Rayleigh number Ra can thus be "renormalized" by dividing a factor of (19.6/8.8) 3 × 2 22 to its original values, i.e. Ra = Ra/22. Therefore the transition observed around Ra ∼ 1 × 10 9 can be viewed as taken place around the renormalized Rayleigh number Ra ∼ 4.5 × 10 7 , which is very close to those reported for the transition from soft-to hard-turbulence regimes for helium (4 × 10 7 ) [1] and for water (2 ∼ 3 × 10 7 ) [14] . It should be emphasized, however, that the above two-coupled-cell picture only provides a crude and possible explanation to the observed transition. Many questions remain as to how the two sub-cells are coupled and what are the boundary conditions at the baffle. Since there is no temperature gradient across the baffle, each of the "sub-cells" only has one thermal boundary layer which also raises questions for the two-cell picture. In any event, the most revealing results of this work are coming from the Nu measurement together with the visualization of mean flow and the shadowgraph studies as described below. To visualize the mean flow pattern in the baffle cell, we shed a laser sheet of about 2 mm in thickness through the sidewall of the cell, passing through its central axis, and seeding the fluid with 45 µm diameter latex spheres. The result is illustrated in fig. 1 , which shows clearly that the LSC is now broken into two rolls confined in the top and the bottom sub-cells, respectively. Thus the connection between the top and bottom boundary layers via the LSC is severed. This, of course, does not rule out the possibility that there is still some interaction between the two boundary layers via thermal objects such as plumes, as will be seen below.
By fitting a square Plexiglas water jacket around the sidewall of the cell and then shining an expanded laser light from behind the cell, shadowgraphs could be observed on a screen in front of the cell. From this observation, it is apparent that heat is transported across the baffle mainly in the form of thermal plumes as depicted in fig. 1 . Since the magnitude of Nu is not reduced significantly and its scaling with Ra remains in the "2/7" regime (for Ra > 1 × 10 9 ), our experiment thus clearly demonstrates that it is possible to have "2/7" scaling in the absence of the LSC. Based on the visual observations and the measured Nu, we propose a possible picture of heat transport. Namely, heat is mostly contained in the plumes (since Nu is decreased only by ∼ 9%) as they detached from the boundaries, and the LSC serves to enhance the transport by carrying them between the two plates. With the baffle, the effort of the LSC is being hampered, which results in the reduction in magnitude but no change in the scaling exponent for the Nu.
To summarize, in a normal Rayleigh-Bénard convection cell in the hard-turbulence regime, the existence of mean coherent shear flow (LSC) that spans the full height of the cell serves to mediate the interaction between the top and bottom boundary layers, and this has been thought to be responsible for the observed "2/7" scaling of Nu with Ra. By putting a baffle in the middle of a convection cell and thus suppressing the direct connection of the two boundary layers by the LSC, we have shown that it is still possible to have the "2/7" scaling of Nu. We also found that in this case the transitional Rayleigh number is shifted to ∼ 1 × 10 9 from 2 ∼ 4 × 10 7 as observed in the normal cells. However, this apparent shift could be accounted for by renormalizing the Ra if our cell is viewed as made of two coupled sub-cells each with a height of approximately L/2 and a temperature gradient of ∆T /2.
